Abstract Cancer pain is not a single entity but a complex pain state involving different pain syndromes, with inflammatory, neuropathic, compressive, and ischaemic mechanisms. Current therapeutic regimens are based largely on opioids, although opioid treatment can lead to many side effects. Studies using animal models of cancer pain are aimed at understanding cancer pain and developing novel therapies. The most frequently reported models are of bone cancer pain, predominantly modelling pain associated with tumour growth within bone marrow. Here we summarise recent findings from studies using animal models of cancer pain and discuss the methodological quality of these studies.
Introduction
Due to current therapies, cancer patients have increased survival such that both cancer pain and cancer treatmentassociated pain are growing clinical problems. Cancer pain is a complex and varied pain state, potentially involving different pain syndromes, with inflammatory, neuropathic, compressive, and ischaemic mechanisms. The current therapeutic regimen for cancer pain is based on the World Health Organisation (WHO) analgesic ladder, where the mainstay of treatment is opioids. Opioid-related side effects, however, can limit effective treatment.
Cancer pain is modelled in animals to better understand fundamental mechanisms and to improve treatment strategies. The International Association of Pain defines pain as "an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage." The subjective nature of pain renders the modelling of pain and the interpretation of pain-related behaviours challenging in animals.
We performed a search of the literature using animal models of cancer pain published between July 2012 and August 2013. Models of bone cancer, melanoma, head and neck cancer, and peritoneal carcinomatosis were reported. This review summarises recent findings in an evaluation of how animal models are facilitating our understanding of cancer pain in humans and assesses the methodological quality of these studies.
bone tumours such as sarcoma. In the clinic, pain from bone metastases is among the most commonly reported type of cancer pain [1] . The most frequently reported cancer pain models are of bone pain, predominantly modelling pain associated with tumour growth within bone marrow. Earlier models used the systemic administration of cancer cells, only some of which would lodge in the bone marrow. More recently, models have been developed which involve direct implantation of cancer cells within the bone marrow. These models allow assessment of site-specific pain-related behaviours and avoid the confounding effects of cancer metastases to other organs.
There are many different models of bone cancer pain which use different cell lines and different sites of tumour cell implantation [2•] . A new model was recently characterised where rat breast cancer cells were implanted into the shaft of femur at the third trochanter level [3] . Pain-related behaviours were observed over 21 days, measured as a decrease in limb use score, increased spontaneous flinching and guarding time, and decreased paw withdrawal threshold. These pain-related behaviours may reflect the clinical phenomena of ongoing pain, movement-evoked pain, and breakthrough pain that may occur spontaneously or are related to movement. Spontaneous pain is particularly difficult to treat because of rapid onset [4] .
Because pain is an experience, animal models rely on observing pain-related behaviours. These often involve reflex responses to a given stimulus, such as mechanical (e.g., paw withdrawal threshold to von Frey filaments) or thermal (e.g., Hargreaves test) stimuli. These evoked reflex responses are often criticised because they do not reflect the major clinical problems of spontaneous and ongoing pain. There has been a shift recently towards observations of spontaneous activities such as limb use, flinching, and guarding time. Future studies need to identify whether the observational assessments are more suitable measures of pain-related behaviour and whether results using these tests are more likely to translate to the clinic. Further, it would be useful to establish whether more complex operant behavioural assays that use a reward-escape paradigm, such as the conditioned place preference assay, might be used to measure ongoing pain [5] . However, no study in our recent meta-analysis of animal models of bone cancer pain used such outcomes [2•] . In the clinic, a more direct assessment of the experience of pain is possible, with patients describing pain intensity using the Numerical Rating Scale, the Visual Analog Scale, the Iowa Pain Thermometer Scale, and the Faces Pain Scale [6] . Unfortunately, the reporting of a level of pain does not address whether a treatment is effective against individual components of pain (evoked, ongoing, or spontaneous) [7•] . More specific assessment of pain phenotypes in patients is likely to facilitate the translational process.
Previous animal models were of relatively short duration compared to the clinical situation, as they relied on the injection of a large number of cancer cells, often resulting in rapid deterioration of animal health and extensive bone destruction, necessitating early euthanasia of animals. A recent study refined a rat model of bone cancer pain to allow longer-term assessment [8] . A range of concentrations of AT3B prostate cancer cells were injected into the tibia. Following the injection of 40,000 cells, animals maintained relatively good health for up to 90 days, allowing more extensive analysis of painrelated behaviours and bone destruction. Animals displayed bilateral mechanical allodynia and thermal hyperalgesia that was fully developed between days 14 and 21 post tumour cell implantation. Histological and radiological assessments showed that tumour growth was confined to the inoculated tibia. Interestingly, the hindpaw sensitivity of this animal model appeared to spontaneously remit at day 28 and remained absent until the end of the experiment at 90 days. However, this reversal of pain-related behaviours was abolished by administration of the opioid receptor antagonist naloxone. It is possible that up-regulation of endogenous opioid signalling pathways underlie the spontaneous reversal of hindpaw sensitivity in later stages of bone cancer. Whether this occurs in the clinical situation requires further investigation.
Bilateral pain-related behaviours, as described by Muralidharan et al., have been observed in other bone cancer pain models and are also known as 'mirror-image pain' [9] [10] [11] . This pain-related behaviour is thought to model aspects of pain described by cancer patients, where patients experience increased sensitivity in areas not directly overlying a tumour site. The description of this pain phenomenon in animal models confirms shared characteristics with the clinical pain state. It is possible that bilateral allodynia is the result of bilateral changes that occur in the spinal cord, such as the activation of glial cells and altered expression of cytokines and receptors.
Glial Cells in the Spinal Cord in Bone Cancer Pain
Astrocyte activation in bone cancer was first described by Schwei et al. [12] , and activation of spinal astrocytes and microglia has since been reported in numerous animal models. Glial cells may contribute to bone cancer pain by releasing pro-inflammatory cytokines such as interleukin-1β (IL-1β) and tumour necrosis factor-α (TNF-α) [13] [14] [15] . Further, extracellular signal-regulated kinase (ERK) activation in spinal glial cells may be involved in the initiation and maintenance of bone cancer pain [16] . Phosphorylation of ERK1/2 was increased in microglia and astrocytes in bone cancer pain, and administration of ERK inhibitors PD98059 and UO126 inhibited mechanical allodynia, identifying ERK as a potential therapeutic target.
The microglia CX3C chemokine receptor 1 (CX3CR1)/ p38 mitogen-activated protein (MAP) kinase signalling pathway may also play an important role in bone cancer pain. CX3CR1 and p38 MAP kinase were increased in the spinal cord in a rat model of bone cancer pain [17] , and a neutralising antibody to CX3CR1 delayed the onset of mechanical allodynia and attenuated established mechanical allodynia, as well as inhibiting microglia activation and p38 MAP kinase.
Proinflammatory cytokines released by astrocytes may be therapeutic targets for bone cancer pain. Administration of lipoxin A4, lipoxin B4, or aspirin-triggered-15-epi-lipoxin A4 (ATL) alleviated mechanical allodynia in bone cancer pain animals [18] . Intrathecal administration of ATL gave 6 hours of analgesia and also attenuated pain when administered intravenously. In the spinal cord the lipoxin receptor (ALX) was mainly co-localised with astrocytes. ATL administration reduced the expression of the cytokines IL-1β and TNF-α in the spinal cord.
Mechanical allodynia in a rat model of bone cancer pain was associated with increased D-amino acid oxidase (DAAO) expression and DAAO enzymatic activity [19] . Activation of astrocytes in the spinal cord was also observed. A DAAO inhibitor CBIO (5-chloro-benzo[d]isoxazol-3-ol) attenuated mechanical allodynia and reduced both the production of spinal hydrogen peroxide and astrocyte activation. Similarly, administration of a DAAO gene silencer, small interfering RNA (siRNA)/DAAO, attenuated mechanical allodynia for at least 6 days.
It is clear that glial cells do play a role in bone cancer pain and that this is a complex relationship involving many pathways. It is not known whether targeting a single pathway will be sufficient to relieve a specific cancer pain in the clinic.
Dorsal Root Ganglia in Bone Cancer Pain
In addition to changes in the spinal cord, animal studies have identified changes in the dorsal root ganglia (DRG) that may present new analgesic targets. The P2X3 receptor was upregulated in DRG neurons in a rat model of bone cancer pain [20] , and daily intrathecal administration of the P2X3 antagonist A-317491 attenuated spontaneous ambulatory pain and mechanical hyperalgesia. Furthermore, the study reported increased functional activity of P2X3 receptors in dissociated DRG neurons. This study identifies the P2X3 receptor as a potential target in bone cancer pain. Another study investigated the analgesic efficacy of A-317491 in a mouse model of bone cancer pain [21] . Chronic administration of A-317491 transiently attenuated pain-related behaviours 10 days after tumour cell implantation but did not attenuate pain-related behaviours in advanced bone cancer pain.
Another study investigated the therapeutic potential of potassium voltage-gated channel subfamily KQT (KCNQ channels) in DRG neurons. A decrease in expression of KCNQ2 and KCNQ3 channel proteins was observed in bone cancer pain rats, as well as decreased M-current, which may increase excitability in DRG neurons and lead to hyperalgesia [22] . Activation of KCNQ/M channels with retigabine inhibited the hyperexcitability of the DRG neurons and attenuated mechanical allodynia and thermal hyperalgesia. The targeting of KCNQ2 channels may be a promising step in the treatment of bone cancer pain in the clinic.
Tumour Cells in Bone Cancer Pain
The type and severity of cancer pain may be dependent upon the type of tumour. Identifying and targeting factors released by tumour cells and associated immune cells involved in the generation of pain may offer tumour-specific analgesia. Inflammatory mediators released by tumour cells include endothelin-1 (ET-1), nerve growth factor (NGF), and prostaglandin E2 (PGE 2 ) [23] . Tumour-associated macrophages, mast cells, neutrophils, and T lymphocytes also release inflammatory mediators, including IL-1β, TNF-α, and NGF [23] . NCTC 2472 tumour cells release the cytokine chemokine (C-C motif) ligand 2 (CCL2) in culture and in a mouse model of bone cancer pain [24] . Administration of the selective C-C chemokine receptor type 2 (CCR2) antagonist RS 504393 inhibited thermal and mechanical hyperalgesia, but not mechanical allodynia, in a NCTC 2472 model of bone cancer pain. Thermal hyperalgesia was also inhibited by a CCL2 neutralising antibody. In contrast, B16-F10 cells did not alter CCL2 levels in a mouse model, and RS 504393 did not attenuate pain-related behaviours. This study suggests that it may be possible to identify tumour types likely to respond to CCR2 antagonists and that tailored targeted approaches to therapy may be beneficial.
In a rat model where MRMT-1 rat mammary gland carcinoma cells were injected into the tibia [25] , tumour cells expressed the A3 adenosine receptor (A3AR), and administration of the A3AR agonist, 2-chloro-N 6 -(3-iodobenzyl)-adenosine-5teN-methyl-uronamide (CI-IB-MECA), reduced tumour growth and mechanical allodynia. A summary of molecular changes reported in recent literature in animal models of bone cancer are shown in Table 1 .
Bone Destruction in Bone Cancer Pain
Tumours growing within the bone can lead to significant bone remodelling, and associated skeletal-related events represent a major clinical problem. An imaging study using magnetic resonance imaging (MRI) and micro X-ray computed tomography (μCT) aimed to determine whether pain-related behaviours are directly correlated to tumour progression and bone remodelling in a rat model of bone cancer pain [26] . Results demonstrated that increased tumour volume correlated with increased mechanical allodynia and weight-bearing deficits. Bone degradation for trabecular and cortical bone showed different profiles, where trabecular degradation occurred earlier and cortical later. In both trabecular and cortical bone, increased bone degradation strongly correlated with increased mechanical allodynia and weight-bearing deficits, albeit less aggressively in cortical bone. Trabecular bone volume was affected at an early stage of tumour development, whereas cortical bone degradation occurred more in proportion to the tumour growth. Clinically, these imaging techniques may be useful in detecting tumour progression before pain occurs. In particular, detecting trabecular bone degradation at an early stage may enable pre-emptive treatment for at-risk patients.
Another recent study using a mouse model of bone cancer pain showed that greater bone degradation correlated with increased pain-related behaviours in both sexes [27] . Although there was no difference in bone degradation between male and female mice, tumour size, measured using bioluminescence, was larger in female animals compared to males at day 14 post mammary cancer cell implantation into the femur.
Cannabinoids in Bone Cancer Pain
Cannabinoids have shown analgesic efficacy in various chronic pain conditions [28] and could also be useful in the treatment of cancer pain. The general cannabinoid agonist WIN 55,212-2 was previously shown to attenuate pain-related behaviours in a rat model of bone cancer pain. This analgesia was reversed by both CB1 and CB2 antagonists [29] . The CB2 agonist JWH015 also attenuated bone cancer pain in a mouse model [30] . The analgesic potential in bone cancer pain of a CB2 agonist, MT178, was recently assessed [31] . MT178 attenuated mechanical allodynia and, importantly, did not induce locomotor disturbance and catalepsy, which was observed following administration of the non-selective CB agonist WIN 55,212-2. In another study involving the implantation of spontaneously occurring murine mammary cell line (66.1) into the femur of mice, daily administration of the CB2 agonist JWH015 over 7 days attenuated pain-related behaviours, bone loss, and cancer proliferation [32] . These promising results highlight the potential value of cannabinoids in bone cancer pain.
Opioids in Bone Cancer Pain
Opioids are one of the primary treatments used in bone cancer patients to control background pain, but show less efficacy in controlling breakthrough pain due to the fast onset of this component. [33] . Many opioids, including morphine and oxycodone, act on μ-opioid receptors, which are expressed in many brain regions involved in pain modulation. A previous study showed that morphine was less effective than oxycodone at attenuating pain-related behaviours in a mouse model of bone cancer [34] . To determine the reasons for this, functional changes in the μ-opioid receptor were investigated in a mouse model of bone cancer pain [35] . Results suggest that the total number of μ-opioid receptors on tissue membranes was reduced in several pain-related regions: the periaqueductal grey matter (PAG), region ventral to the PAG (vPAG), mediodorsal thalamus (mTH), ventral thalamus, and spinal cord. Furthermore, the functional activation of μ-opioid receptors by oxycodone and morphine was attenuated in several regions related to pain signalling. There was less attenuation of the μ-opioid receptor activation by oxycodone compared to morphine. Consistent with these results, oxycodone demonstrated a greater analgesic potency than morphine following intracerebroventricular administration. Modulation of μ-opioid receptor function may be one of the mechanisms underlying the distinct analgesic effects of oxycodone and morphine in bone cancer pain.
A study using a rat model of bone cancer pain utilised the paw withdrawal threshold to noxious heat to assess the analgesic efficacy of morphine and flupirtine given alone and in combination [36] . Flupirtine is a KCNQ channel activator which increases M-current in neurons and therefore decreases neuronal activity. Both morphine and flupirtine reversed bone cancer-induced thermal hyperalgesia. Results showed that flupirtine combined with morphine treatment improved the ability of morphine to reverse hyperalgesia. This study suggests that this combination therapy could be useful in the clinic. However, it is worth considering that the study assessed analgesic efficacy only in thermal hyperalgesia, and more research is necessary to look at the effect on other pain-related behaviours before this is taken forward to the clinic. The use of opioids in cancer pain is limited by side effects, including the induction of tolerance to analgesia. This has been demonstrated in animal models, where a series of bidaily morphine injections result in potent analgesia but tolerance quickly develops. D-amino acid oxidase (DAAO) is expressed in the spinal cord, predominantly in astrocytes. A recent study assessed whether DAAO contributes to bone cancer pain and morphine analgesic tolerance [19] . Spinal DAAO expression was up-regulated in a rat model of bone cancer pain which correlated with development of mechanical allodynia. Administration of CBIO attenuated mechanical allodynia. In addition, bi-daily injections of CBIO over 7 days did not result in tolerance to CBIO analgesia and prevented tolerance to morphine analgesia. Furthermore, CBOI administration with morphine resulted in additive analgesic effect. As such, this study identifies a potentially useful adjuvant to morphine.
Melanoma Model of Cancer Pain
A study using a mouse model of melanoma, where B16 mouse melanoma cells were injected subcutaneously into the plantar pad, demonstrated that these mice developed cold, mechanical, and heat hyperalgesia in the tumour-bearing paw [37] . In the same study, CCL-11 sarcoma cells were injected into and around the calcaneus bone. Both cancer pain models displayed 'mirror image pain' with hyperalgesia in the contralateral paw. The authors set out to assess whether the GTP cyclohydrolase (GCH1) plays a role in cancer pain. The GCH1 inhibitor diaminohydroxypyrimidine (DAHP) did not attenuate cold, mechanical, or thermal hyperalgesia in either the melanoma or bone cancer pain model. Inhibition of GCH1 reduced thermal hyperalgesia of the contralateral paw in both models. Combined administration of DAHP and morphine extended the analgesic effects of morphine without increasing morphine-induced respiratory depression. The authors suggest that DAHP may be a useful adjuvant in cancer pain.
The analgesic efficacy of an inhibitor of the NGF receptor Tropomyosin receptor kinase (Trk) A, IPTRK3, was investigated in a mouse model of melanoma [38] . Chronic administration of IPTRK3 inhibited mechanical allodynia and the number of spontaneous flinches but did not attenuate thermal hyperalgesia. Administration of IPTRK3 was also associated with a reduction in increased paw volume, which may represent a reduction of tumour growth.
Models of Head and Neck Cancer
Risk factors for head and neck cancer include tobacco and alcohol use, human papillomavirus (HPV) infection, and Epstein-Barr virus infection. These different pathologies may result in different sites of head and neck cancer. For example, HPV-associated cancers often occur in the oropharynx [39] . Head and neck cancer patients may suffer from pain throughout the disease course. In addition to pain, patients suffer from debilitation of oral function which worsens as the disease progresses. Although the first animal models of head and neck cancer relied on reflex responses such as paw withdrawal to measure pain, three novel mouse models have been used to model the temporal progression and functional impairment experienced by patients [40] . In the acute pain model, mice were injected with supernatant from human oral squamous cell carcinoma (SCC) into the tongue. Cancerinduced functional impairment or mechanical allodynia was measured by increased gnaw time, which began at 45 minutes post-SCC supernatant injection and lasted around 24 hours. Trypsin injection also resulted in allodynia in mice. The authors suggest that trypsin released from cancer cells may be responsible for inducing acute cancer pain. Mechanical allodynia induced by SCC supernatant or trypsin was absent in PAR2−/− mice, supporting the hypothesis that acute cancer pain is PAR2-dependent. A persistent oral cancer pain model was generated by injection of human oral SCC cells into the tongue. These mice developed functional allodynia at day 18 post-tumour cell implantation which persisted for 8 days. This allodynia was attenuated by soybean trypsin inhibitor (SBTI), indicating that trypsin may also play a role in persistent cancer pain. A model of chronic cancer pain was established by including the carcinogen 4-Nitroquinoline 1-oxide (NoK) in the drinking water of mice. This resulted in functional allodynia that began 4-6 weeks post-4NQO treatment and worsened over the remaining 2 months. Functional allodynia did not develop in PAR2−/− mice despite cancer progression. In the persistent and chronic pain models, PAR2-immunoreactivity and mRNA expression were significantly up-regulated in the trigeminal ganglia but not in the acute pain model. This suggests that PAR2 plays a role in head and neck cancer pain, and it provides evidence that functional behavioural tests are useful in animal pain studies. Analgesics which show efficacy against functional outcomes, such as gnaw time, may be more likely to translate to efficacy in the clinic.
A Model of Peritoneal Carcinomatosis
Abdominal pain resulting from peritoneal carcinomatosis is often difficult to treat, as it does not always respond to opioids. To understand peritoneal carcinomatosis cancer pain, a new model was developed in which peritoneal-seeding gastric cancer cells (60As6) were implanted into the abdominal cavity [41] . These mice showed hypersensitivity of the abdomen to mechanical stimulation and spontaneous visceral pain-related behaviour (as measured by hunching). Increased C-Fos-positive cells in the spinal cord, increased substance P-positive neurons in the DRG, and decreased μ-opioid receptor expression, mainly in substance P-positive neurons, was observed in the mice. Similar to clinical observations, a higher dose of morphine was also required to attenuate hyperalgesia in this model compared to models of acute pancreatitis or inflammatory pain. These results suggest that decreased μ-opioid receptor expression in substance P-positive neurons in the DRG may correspond to a reduction in morphine-induced analgesia in peritoneal carcinomatosis. This model appears to reflect the clinical condition of peritoneal carcinomatosis, and it may be useful in assessing analgesic interventions in future studies.
Methodological Quality of Studies
Our previous systematic review of studies using animal models of bone cancer pain suggested that methodological quality has a significant impact on reported behavioural outcomes. Blinding and randomisation were associated with smaller observed differences in behavioural outcomes between tumour-bearing and control animals [2•] . This is consistent with findings in other fields, where studies that do not report such measures report inflated treatment effects [42] [43] [44] [45] . It is important to consider the validity of the recent studies included in this review (studies published from July 2012 to August 2013) if they are to be used to understand cancer pain in humans. Assessment of the reporting of measures to reduce the risk of bias of studies included in this review indicates that 58 % of studies report blinded assessment of outcome and 22 % report random allocation to group, although no study reported allocation concealment or a sample size calculation. These results are an improvement compared to our systematic review (up to and including July 2011), where only 31 % of studies were blinded and 11 % were randomised. However, consistently, no study reported a sample size calculation [2•] . The lack of reporting of sample size calculations in this field is troubling. Performing sample size calculations will reduce the number of animals wasted in both underpowered and unnecessarily large experiments. Further improvement in methodological quality is necessary. Reducing potential sources of bias will increase the likelihood that the results from these studies reliably inform the translational process and clinical research.
Conclusion
Animal models of cancer pain appear to reflect the complex pain state observed in the clinic with mechanical, thermal, and spontaneous pain-related behaviours and bilateral allodynia. Animal studies have identified potential therapeutic targets. Results indicate that it is unlikely that a single treatment will target all of the different pain-related behaviours and that combined treatment strategies should be investigated in animal models. Finally, methodological quality of studies must improve if results are to inform reliably the treatment of human cancer pain.
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